In contrast to strong epidemiologic, preclinical, and secondary clinical evidence for vitamin E (tocopherols) in reducing cancer risk, large-scale clinical cancer-prevention trials of a-tocopherol have been negative. This vexing contrast helped spur substantial preclinical efforts to better understand and improve the antineoplastic activity of tocopherol through, for example, the study of different tocopherol forms. We previously showed that the g-tocopherol-rich mixture (g-TmT) effectively inhibited colon and lung carcinogenesis and the growth of transplanted lung-cancer cells in mice. We designed this study to determine the relative activities of different forms of tocopherol in a xenograft model, comparing the anticancer activities of d-tocopherol with those of a-and g-tocopherols. We subcutaneously injected human lung cancer H1299 cells into NCr nu/nu mice, which then received a-, g-, or d-tocopherol or g-TmT in the diet (each at 0.17% and 0.3%) for 49 days. d-Tocopherol inhibited tumor growth most strongly. g-Tocopherol and g-TmT (at 0.3%) also inhibited growth significantly, but a-tocopherol did not. d-Tocopherol also effectively decreased oxidative DNA damage and nitrotyrosine formation and enhanced apoptosis in tumor cells; again, g-tocopherol also was active in these regards but less so, and a-tocopherol was not. Each supplemented diet increased serum levels of its tocopherol -up to 45 mmol/ L for a-tocopherol, 9.7 mmol/L for g-tocopherol, and 1.2 mmol/L for d-tocopherol; dietary g-or d-tocopherol, however, decreased serum a-tocopherol levels, and dietary a-tocopherol decreased serum levels of g-tocopherol. Each dietary tocopherol also increased its corresponding side-chain-degradation metabolites, with concentrations of d-tocopherol metabolites greater than g-tocopherol and far greater than a-tocopherol metabolites in serum and tumors. This study is the first in vivo assessment of d-tocopherol in tumorigenesis and shows that d-tocopherol is more active than a-or g-tocopherol in inhibiting tumor growth, possibly through trapping reactive oxygen and nitrogen species and inducing apoptosis; d-tocopherol metabolites could contribute significantly to these results. Cancer Prev Res; 4(3); 404-13. Ó2011 AACR.
Introduction
Tocopherols, collectively known as vitamin E, are important dietary antioxidants (1) . They are a family of phenolic compounds; each contains a chromanol ring system and a 16-carbon side-chain. Depending upon the number and position of methyl groups on the chromanol ring, they exist as a-, b-, g-, or d-tocopherol (T). For example, a-T is trimethylated at the 5-, 7-, and 8-positions; g-is dimethylated at the 7-and 8-positions; and d-T is methylated at the 8-position. The structures of these tocopherols are shown in Figure 1 .
The relationship between vitamin E nutrition and human cancer risk as well as the activities of tocopherols in inhibiting cancer formation and growth have been studied extensively and reviewed recently (2) . Many studies have shown that a lower vitamin E nutritional status is associated with increased risk of certain types of cancers (2) (3) (4) (5) (6) . These results are consistent with the hypothesis that reactive oxygen and nitrogen species (RONS) are involved at different stages of carcinogenesis, and tocopherols as antioxidants can inhibit cancer formation and development. On the other hand, the results of some large-scale human trials with a-T have failed to show any cancer-preventive effect (7) (8) (9) (10) . For example, the Alpha-Tocopherol, Beta-Carotene (ATBC) [lung] Cancer Prevention Study found that a-T did not reduce the overall risk of lung cancer in Finnish male smokers, although secondary ATBC results seemed to indicate that it might have reduced prostate-cancer risk. (b-Carotene actually increased lung-cancer risk.) The secondary ATBC finding on a-T led in part to the Selenium and Vitamin E [prostate] Cancer Prevention Trial (SELECT), which was launched with high expectations but ultimately showed that selenium (200 mg/day from L-selenomethionine) and a-tocopherol (400 IU/day of all rac-a-tocopherol acetate), taken alone or in combination for an average of 5 years, did not prevent prostate cancer (9) . One possible interpretation is that supplementation of a nutrient to a population that is already adequate in this nutrient may not produce any beneficial effect. Another possibility, as will be discussed below, is that a-T may not have been the right form of tocopherol to use. The exact reasons for the negative results of these large trials are not known. Nevertheless, the outcome of these largescale trials reflects our lack of understanding of the biological activities of tocopherols and illustrates to the need for systematic studies on the activities of the different forms of tocopherols against cancer formation and growth.
Because a-T is the most abundant form of tocopherol found in the blood and tissues and is usually considered to be "the vitamin E," most of the human intervention studies have used synthetic a-tocopherol acetate, which is readily converted to free a-T (7-10). Nevertheless, a robust cancer preventive or anticancer activity of a-T has never been shown in studies with animal models or cell lines (2) . On the other hand, g-T has been shown to have stronger antiinflammatory and anticancer activities than a-T (11-17). Yu et al. also showed that a-T, not only failed to exhibit anticancer properties, but also reduced the anticancer action of g-T in vivo (17) . Recent studies from our research team at Rutgers University have shown the inhibition of colon, prostate, mammary, and lung carcinogenesis by a tocopherol mixture that is rich in g-T, known as g-TmT 18-24. g-TmT is a by-product in the refining of vegetable oil and usually contains 13% a-T, 1.5% b-T, 57% g-T, and 24% d-T. In these studies with tocopherol mixtures, although we think that the activity was mainly due to g-T and d-T, the actual activities of the individual tocopherols are unknown.
In a recent study, we have shown that g-TmT inhibits the growth of human lung cancer H1299 xenograft tumors in nude mice, and this activity is parallel to the inhibition of chemically induced lung tumorigenesis in A/J mice (24) . Mechanistically, in both systems, g-TmT treatment caused reduction of oxidative stress and enhanced apoptosis (24) . Cancer cell lines in culture and in xenograft models are convenient experimental systems to study the anticancer activities of tocopherols. Because these cancer cells retain many of the progrowth and antiapoptotic molecular pathways that have been activated in carcinogenesis, some of the information obtained from studies in xenograft models should be relevant to both cancer prevention and treatment. Using this xenograft tumor model, we compared the inhibitory activities of purified d-T with those of purified gand a-tocopherol.
This model provides us with a convenient experimental system for studying the activities of individual tocopherols in comparison with g-TmT. Such in vivo studies also offer an opportunity to study the blood and tissue levels of different tocopherols and their metabolites. Such information is essential for a better understanding of the cancer-preventive activities of tocopherols, and very little information on d-T and g-T has been available to date.
We report here the first in vivo study of d-T activity in tumorigenesis and assessment of potential mechanisms for this activity, including oxidative DNA damage and nitrotyrosine formation and apoptosis. We also report the tissue levels of different tocopherols and their metabolites in response to tocopherol supplementation at different concentrations.
Materials and Methods
Tocopherols and other chemicals g-TmT, containing 57% g-T, 24% d-T, 13% a-T, and 1.5% b-T, was from Cognis Corporation. g-T was purified from g-TmT by silica gel chromatography to a purity of 97%, with no detectable a-T and d-T. d-a-Forms of d-tocopherol (containing 94% d-T, 5.5% g-T, and 0.5% a-T) and a-tocopherol (containing 69.7% a-T, 2.6% g-T, and 0.2% d-T) were from Sigma-Aldrich. Other reagents were of the highest grade commercially available.
Studies with xenograft tumor model
Male NCr nu/nu mice (5-week old) were purchased from Taconic Farms. The mice were randomly allocated into 9 groups (10 mice per group), housed in plastic cages (5 mice per cage) with filter tops and acclimated to the AIN93M diet for 1 week. Human lung cancer H1299 cells (from American Type Cell Collection) were cultured in RPMI-1640 medium with 10% FBS. H1299 cells (1 Â 10 6 cells) in 100 mL of a 1:1 mixture of serum-free RPMI-1640 and matrigel (BD) were injected subcutaneously to both flanks of the mice. On the same day, the mice in the d-Tocopherol Inhibits Xenograft Tumor Growth 8 treatment groups were switched to AIN93M diets supplemented with g-TmT, g-T, d-T, or a-T at the level of 0.17% or 0.3%, which were prepared by Research Diets. Tumor volume, body weight, and food consumption were monitored twice a week. Tumor size (length and width) was measured by a caliper and calculated based on the formula (tumor volume ¼ length Â width 2 Â 0.5). When the average tumor volume of the mice reached 1,000 mm 3 , the mice were sacrificed by CO 2 asphyxiation. The tumors were dissected and weighed; one half of the tumor was fixed in 10% buffered formalin for histological and immunohistochemistry analysis, and the second half was snap-frozen for biochemical analysis.
Immunohistochemistry
The formalin-fixed tumor samples were embedded in paraffin and 5-mm sections were mounted on slides. Deparaffinized sections on slides were treated in an antigenunmasking solution (DAKO) in a microwave oven for antigen retrieval. Endogenous peroxidase was quenched using 3% H 2 
Analysis of tocopherols and metabolites by highperformance liquid chromatography
Our previous method (18) (19) (20) (21) (22) (23) (24) (25) , with some modifications, was used for the determination of the levels of tocopherols and their metabolites in serum and tissues. In brief, the serum sample (20 mL) was mixed with 130 mL deionized water and 150 mL ethanol, and fat-soluble materials were extracted with 1 mL hexane twice. Tissue samples were homogenized in 50% ethanol containing 0.05% ascorbic acid, and the supernatant was extracted with hexane twice. Both the aqueous phase and the hexane phase samples were saved. The material in the dried hexane extract was redissolved in 100 mL ethanol and then analyzed by high-performance liquid chromatography (HPLC) using a Supelcosil C 18 reversed-phase column (150 Â 4.6 mm; 5 mm particle size), isocratic mobile phase of 82% ethanol in water containing 20 mmol/L ammonium acetate (pH 4.4) at a flow rate of 1.2 mL/min. The eluant was monitored with an ESA 5600A Coulochem electrode array system (CEAS) from ESA with potentials set at 200, 300, 500, and 700 mV (18, 25) . The tocopherol concentrations in mouse serum and tissues were determined by comparison with the peak heights of the standard serum (25) . For the analysis of short-chain degradation products of tocopherols, such as carboxyethyl hydroxychromans (CEHC) and carboxymethylbutyl hydroxychromans (CMBHC), the aqueous phase samples were dried under vacuum. The residues were redissolved in 320 mL of 0.15 mol/L sodium phosphate buffer (pH 5.0) containing 0.03% ascorbic acid, 25 U of sulfatase, and 300 U of b-glucuronidase. The mixture was incubated at 37 C for 90 minutes. After cooling on ice, the samples were extracted with 1 mL of ethyl acetate twice. The dried ethyl acetate extracts were reconstituted in 100 mL of 40% aqueous ethanol. The metabolites were analyzed by HPLC as described above.
Statistical analysis
One-way Analysis of Variance (ANOVA) followed by Dunnett's test was used for the comparison of the differences between treatment groups and the control group. Student's t-test was used to determine the difference between 2 groups. Statistical significance was indicated by P < 0.05 in the 2-tailed comparison.
Results

Effects of different tocopherols on the growth of H1299 xenograft tumors
In order to determine the relative potency of different tocopherols in the inhibition of tumor growth in vivo, NCr nu/nu mice were injected with H1299 cells and treated with pure d-T, g-T and, a-T and g-TmT, at levels of 0.17% or 0.3% in AIN93M diet for a 49-day experiment. No difference in food intake and body weight gain was observed among the different tocopherol treatment groups (data not shown). Retardation of tumor growth by tocopherols was observed starting on day 28 (Fig. 2) . The growth inhibition effectiveness seems to follow the ranking order of d-T > g-TmT > g-T, but a-T was not effective. The final tumor volumes of the d-T, g-TmT, and g-T groups were significantly lower than that of the control group (P < 0.05), but the differences among the 3 treated groups were not statistically significant. One-way ANOVA followed by Dunnett's test showed that final tumor weight in the 0.3% d-T and 0.3% g-TmT groups were significantly lower than that in the control group. In addition, 2-tailed t-test indicated that the tumor weights in the 0.17% d-T and 0.3% g-T groups were also lower than those in the control group (P < 0.05).
Effects of tocopherols on oxidative stress, nitrotyrosine formation, and apoptosis in xenograft tumors
The effects of different tocopherols on oxidative and nitrosative stress and apoptosis were determined by immunohistochemistry; only the 0.3% tocopherol supplemented groups were analyzed (Fig. 3) . d-T significantly reduced the number of 8-OHdG positive cells, g-H2AX positive cells, and nitrotyrosine positive cells (by 49.2%, 76.9%, and 70% respectively, P < 0.01), and increased apoptosis as indicated by cleaved caspase-3 staining (by 2.7-fold, P < 0.01) as compared with the control group. g-TmT and g-T also
showed similar effects and their effectiveness seemed to follow the order of d-T > g-TmT > g-T. On the other hand, a-T had no effect on apoptosis. a-T seemed to slightly inhibit the formation of 8-OHdG, g-H2AX, and nitrotyrosine; however, the differences were not statistically significant.
Effects of tocopherol supplementation on the levels of different tocopherols and their metabolites in serum
Serum and tissue levels of tocopherols and their metabolites were analyzed by HPLC and a representative chromatogram is shown in Fig. 4A . The serum a-T levels were significantly increased from 20 mmol/L (in control group) to 30-45 mmol/L by dietary supplementation with a-T or 0.3% g-TmT. Interestingly, a-T levels were decreased by 0.17% or 0.3% g-T and 0.3% d-T (Fig. 4B) . Serum g-T levels were, as expected, significantly increased (from 0.3 mmol/L to 3.5-9.2 mmol/L) by g-T or g-TmT; but g-T levels were decreased by a-T. The serum d-T levels were significantly increased (from 0.08 mmol/L to 0.5-1.2 mmol/L) by d-T or g-TmT.
The major metabolites observed in the serum were the side-chain degradation products CMBHCs and CEHCs. d-CMBHC was the most prominent metabolite, at levels of 1.5 and 4.3 mmol/L in mice supplemented with 0.17% and 0.3% d-T, respectively (Fig. 4C) . g-TmT, which contained 24% d-T, also significantly increased the d-CMBHC level. g-CMBHC was observed at levels of about 0.9 mmol/L in the mice supplemented with g-T or 0.3% g-TmT. a-CMBHC was observed at much lower levels, 0.12-0.15 mmol/L, even with a-T supplementation. The serum levels of CEHCs were slightly lower than the corresponding CMBHCs (7.4D). For example, the highest d-CEHC level observed was 3.2 mmol/L. The highest g-CEHC level was approximately 0.7 mmol/L. An interesting observation is that g-T supplementation seemed to increase the levels of d-CEHC.
Effects of tocopherol supplementation on levels of tocopherols and their metabolites in xenograft tumors and lung tissues
In analyzing the levels of tocopherols and their metabolites in the tumors, only the control and the 0.3% tocopherol supplemented groups were used. As shown in Figure 5A , the a-T levels in the tumors were significantly increased (from 1.5 mmol/kg to 5.5 mmol/kg) by supplementation with a-T, but were significantly decreased by g-T and d-T. As expected, supplementation with g-TmT, g-T, or d-T increased the levels of g-T or d-T, but their levels were still lower than those of a-T in the a-T supplement group. d-CEHC was the most abundant side-chain degradation metabolite, reaching 0.28 mmol/kg in the d-T supplemented group (Fig. 5B) . The d-CEHC levels were also increased by supplementation with g-TmT (containing 24% d-T). The g-CEHC levels were generally lower than the corresponding d-CEHC levels, and those for a-CEHC were very low. The tumor levels of CMBHCs were similar to those of CEHCs and were increased by supplementation with the respective forms of tocopherols (Fig. 5C) .
Similar to serum levels, the lung tissue levels of a-T were significantly increased, but the levels of g-T were decreased, by the supplementation with a-T (Fig. 5D) . Supplementation with g-T or d-T increased g-T or d-T levels, respectively. The most abundant metabolite in the lung was d-CEHC, showing mean levels of 0.55 and 1.17 mmol/L in mice supplemented with 0.17% and 0.3% d-T, respectively (Fig. 5E ). g-CEHC was found at 0.30 mmol/L in mice supplemented with 0.3% g-T. The levels of a-CEHC were very low. The levels of CMBHCs (Fig. 5F ) were similar to those of CEHCs in the lung.
Effects of tocopherol supplementation on colon and urinary levels of tocopherols and their metabolites
Substantial amounts of tocopherols were found in the colon tissues, especially in mice that received supplementation (0.3% in the diet), showing highest levels of 5.7, 3.0, and 1.0 mmol/L for a-, g-, and d-tocopherols, respectively (Fig. 6A) . However, supplementation with g-T and d-T decreased the levels of a-T. g-CMBHC was the most abundant colonic metabolite, reaching levels of 39-45 mmol/L; d-CMBHC reached a level of 40 mmol/L; and the levels of a-CMBHC were much lower (Fig. 6B) . The colonic levels of g-and d-CEHCs were also increased in response to supplementations, following the pattern of CMBHCs, but the levels were 3-4-fold lower (Fig. 6C) . Interestingly, long-chain metabolites (those with 2, 4, and 6 carbons cleaved from the main side-chain) were also observed at levels of 1-4 mmol/L (data not shown in the figure).
In the urine samples, tocopherols were not detected, but high levels of metabolites were observed. Supplementation with tocopherols markedly increased the urinary levels of gand d-CMBHCs to 53-59 mmol/L, but the levels of a-CMBHC were low ($ 3 mmol/L; Fig. 6D ). The urinary levels of g-CEHC and d-CEHC were higher than CMBHC levels, and even higher after supplementation showing highest levels of 270 mmol/L and 251 mmol/L, respectively (Fig. 6E) .
Discussion
In planning this study to compare the inhibitory activities of different tocopherols, we hypothesized that g-T would be more active than other tocopherols based on published results on the antiinflammatory and anticancer activities of g-T (13) (14) (15) (16) (17) 26) . We found, however, that the activity of d-T was superior to that of a-or g-T. To our knowledge, this is the first in vivo study of d-T in tumorigenesis and the first systematic study of tissue levels of different tocopherols and their metabolites after dietary supplementation with different doses of pure and mixed tocopherols in mice.
The higher activity of d-T in the inhibition of tumor growth corresponded well with its ability to inhibit the formation of 8-OHdG, g-H2AX, and nitrotyrosine as well as to induce cell apoptosis (Fig. 3) . 8-OHdG is a commonly used marker for oxidative stress (27) , whereas g-H2AX is a sensitive marker for the presence of double-strand breaks in cells and tissues (28) . Nitrotyrosine is a product formed between reactive nitrogen species and tyrosines in proteins (24) . The ability in affecting these 4 parameters by tocopherols follows the order: d-T > g-TmT > g-T, whereas a-T has no or little activity. This ranking order correlates well with the relative activity of different tocopherols in inhibiting tumor growth (Fig. 2) . These results suggest that d-T inhibits xenograft tumor growth by trapping RONS and inducing apoptosis. The oxidative stress levels in tumor cells were generally higher than normal tissues, and RONS can function as secondary messenger molecules for transducer receptor-mediated signal cascades and promote cell growth (29) (30) (31) (32) (33) . Therefore, trapping RONS could be an important mechanism for the inhibition of tumor growth. The mechanisms by which d-T induces apoptosis remains to be further investigated.
Information on blood and tissue levels of tocopherols and their metabolites is important for understanding the biological activities observed in this study and in planning future studies. With our sensitive HPLC method, the levels of different tocopherols and their metabolites were systematically analyzed. Upon supplementation, the serum a-T level was elevated from 20 mmol/L to 40 mmol/L, g-T level was elevated 36-fold to a level of 9.5 mmol/L, and d-T was lower at 1.1 mmol/L even with 0.3% d-T supplementation. The a-, g-, and d-tocopherol levels in the tumor, lung and colon tissues followed the same pattern as those of the serum, but the levels were several-fold lower. This comparison is made based on the approximation that 1 mmol/kg ¼ 1 mmol/L. A possible competition among different tocopherols in entering the blood is suggested by the lowering of serum, tumor and colon a-T levels by supplementation with g-T or d-T as well as the lowering of serum and lung g-T by supplementation with a-T. This result is consistent with the reports that intake of high levels of a-T lowered the plasma levels of g-T in rodents and humans (9, (34) (35) (36) (37) and that g-T administration decreased plasma a-T concentrations in mice (38) . It is known that a-T is preferentially transferred from liver to blood by a-T-transfer protein, and then distributed to different nonhepatic tissues (39) . It has been suggested that the scavenger receptor class B type 1 (SR-B1) serves as a transporter of a-T from the apical to the basal side of the enterocyte in mice (31) . Our present work further shows that g-T is more efficient than d-T in getting into the blood. When given in a mixture, the serum and tissue concentrations of a-T, g-T, and d-T are likely a reflection of the relative affinities of different tocopherols to the a-T-transfer protein and SR-B1. These 2 proteins are also possible sites for the competition among tocopherols as discussed previously.
A major pathway for tocopherol metabolism is through side-chain degradation, which is initiated by cytochrome P450 4F (or 3A)-catalyzed -hydroxylation followed by b-oxidation, in which 2 carbons are removed from the chain in each cycle (1, 40, 41) . d-and g-Tocopherols are much more extensively degraded than a-T because they are not transferred to the blood and remain in the liver to be metabolized by liver enzymes. It has also been suggested that g-and d-tocopherols are preferentially metabolized at the enzymic level (40) . The end products of this metabolic pathway, CEHCs, have been widely reported in the literature (42) (43) (44) (45) . In the present work, CMBHCs were also found in the serum, tumor, and lung tissues in similar concentration to CEHCs. In colon tissues, CMBHCs were detected at higher levels than CEHCs, and long chain metabolites were also observed. d-CMBHC and CEHC were found at higher concentrations than the corresponding g-forms of these metabolites. However, the higher concentration of g-CEHC (than d-CEHC) found in the urine suggests that this metabolite is also formed in large quantities. Therefore, we suggest that the tissue uptake and the route of excretion determine the ratio of g-and d-forms of CEHCs and CMBHCs that are distributed in different tissues. The tocopherol level of 0.17% or 1.7mg/g in the diet, according to the concept of allometric scaling (46, 47) is equivalent to 0.425 mg/kcal. This value is close to the intake of 800 mg of tocopherol (usually in 1 or 2 capsules of vitamin E dietary supplement) for a person requiring 2,000 kcal daily (i.e., 0.4 mg/kcal).
The present work found d-T to be more effective than aor g-T in inhibiting tumor growth, but the serum and tumor levels of d-T were much lower than levels of the other tocopherols. On the other hand, the d-T metabolites CMBHC and CEHC were much higher than the corresponding forms of g-and a-T metabolites. These interesting results provide strong support for further preclinical studies of d-T and its metabolites in tumorigenesis.
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